ABSTRACT: Children with hypoplastic left heart syndrome (HLHS) have an increased prevalence of central nervous system (CNS) abnormalities. The extent to which this problem is due to CNS maldevelopment, prenatal ischemia, postnatal chronic cyanosis and/or multiple exposures to cardiopulmonary bypass is unknown. To better understand the etiology of CNS abnormalities in HLHS, we evaluated 68 neonates with HLHS; in 28 cases, both fetal ultrasound and echocardiogram data were available to assess head size, head growth and aortic valve anatomy (atresia or stenosis). In addition, we evaluated neuropathology in 11 electively aborted HLHS fetuses. The mean head circumference percentile in HLHS neonates was significantly smaller than HLHS fetuses (22 Ϯ 2% versus 40 Ϯ 4%, p Ͻ 0.001). A significant decrease in head growth, defined as a 50% reduction in head circumference percentile, was observed in half (14/28) of HLHS fetuses and nearly a quarter (6/28) were already growth restricted (Յ10%) at the time of initial evaluation. Brains from HLHS fetuses demonstrated chronic diffuse white matter injury of varying severity. These patterns of prenatal head growth and brain histopathology identify a spectrum of abnormal CNS development and/or injury in HLHS fetuses. remains a significant cause of infant mortality and long-term morbidity despite significant advances in diagnosis and treatment (1-4). HLHS patients have an increased prevalence of central nervous system (CNS) abnormalities, which have been attributed to chronic cyanosis and multiple exposures to cardiopulmonary bypass (5,6). However, results from several studies indicate that in approximately one half of cases, CNS abnormalities are present at birth (4,7-10) and may manifest as reduced head circumference or microcephaly in the neonate (10 -12). It is unknown at what stage of development these CNS abnormalities occur and whether this represents a primary CNS developmental abnormality or a secondary insult resulting from alterations in cerebral blood flow due to HLHS.
H ypoplastic left heart syndrome (HLHS, MIM#241550)
remains a significant cause of infant mortality and long-term morbidity despite significant advances in diagnosis and treatment (1) (2) (3) (4) . HLHS patients have an increased prevalence of central nervous system (CNS) abnormalities, which have been attributed to chronic cyanosis and multiple exposures to cardiopulmonary bypass (5, 6) . However, results from several studies indicate that in approximately one half of cases, CNS abnormalities are present at birth (4, (7) (8) (9) (10) and may manifest as reduced head circumference or microcephaly in the neonate (10 -12) . It is unknown at what stage of development these CNS abnormalities occur and whether this represents a primary CNS developmental abnormality or a secondary insult resulting from alterations in cerebral blood flow due to HLHS.
Little is known of the etiology of HLHS. Evidence supporting both genetic (13) (14) (15) and epigenetic (16 -18) factors has been reported. A widely accepted hypothesis is that HLHS develops as a result of alterations in embryonic intracardiac blood flow, such as narrowing of the foramen ovale and aortic stenosis (AS) (16 -18) . Longitudinal studies of the fetus have shown that AS is part of the in utero natural history of HLHS (19, 20) ; for this reason, there has been considerable interest in developing indications for fetal intervention for AS (21, 22) . By adversely affecting antegrade aortic blood flow, early progression of aortic valve obstruction may reduce cerebral blood flow, thereby adversely impacting CNS development and subsequent head growth. This possibility is supported by identification of white matter injury, reminiscent of periventricular leukomalacia, in term neonates with HLHS before surgical intervention (23) (24) (25) . Neuropathologic findings have also identified white matter injury in postoperative HLHS neonates (26) ; however, neuropathology has not been examined in HLHS fetuses.
We sought to examine head size and growth in HLHS and AS fetuses and neonates. We hypothesized that CNS abnormalities present at birth can be detected at midgestation. We found that some HLHS and AS fetuses already have small head size at midgestation. However, the majority has normal head size, but half of these fetuses subsequently demonstrate poor head growth. In addition, some HLHS fetuses demonstrate white matter injury at midgestation. Taken together, these findings suggest there is a spectrum of abnormal CNS development in HLHS and AS fetuses. Identification of specific head growth patterns may impact the clinical management of HLHS and AS.
METHODS
Study population. Neonates (Ͻ28 d of age) diagnosed with HLHS or isolated AS from January 1998 through December 2006 were identified from a database within the Division of Cardiology at Cincinnati Children's Hospital Medical Center. HLHS was defined as atresia or stenosis of the aortic and mitral valves, and hypoplasia of the left ventricle and ascending aorta (18, 27) . AS was defined as obstruction at the level of the aortic valve with a mean pressure gradient Ն25 mm Hg (28) in the absence of other cardiovascular malformation. Neonates born prematurely (Ͻ37 wk gestation), the product of multiple gestation pregnancies, or with a known genetic syndrome (e.g. Turner syndrome) were excluded. The Institutional Review Boards at Cincinnati Children's Hospital Medical Center and Good Samaritan Hospital (Cincinnati, OH) approved this study and deemed it consent exempt.
A complete neuropathologic evaluation was performed in a separate cohort of electively aborted HLHS fetuses identified from a database within the Division of Pathology at Sainte Justine Hospital. Specimens were collected between January 1998 and December 2006. A fetal echocardiographic diagnosis of HLHS as defined above was confirmed by pathologic evaluation. Fetuses with a known genetic syndrome were excluded. The Institutional Review Board at St Justine Hospital approved this study and deemed it consent exempt.
Anthropometric data. Medical records were reviewed to identify those HLHS patients with both fetal ultrasound and echocardiogram data. Anthropometric data were obtained at two time points (fetal and neonatal); the earliest available ultrasounds were used. Head circumference was evaluated using normal fetal and newborn head circumference percentiles adjusted for gestational age and gender (29 -31) , and "normal" size was considered between the 11th and 89th percentile. Growth restriction was defined as a head circumference or weight Յ the tenth percentile. Microcephaly was defined as a head circumference Յ the third percentile. A significant decrease in head growth was defined arbitrarily as Ն50% reduction in head circumference percentile. Proportionate ("symmetric") head size, defined as normal head size as a ratio of normal somatic size, was evaluated using the head circumference to abdominal circumference ratio (HC/AC) in fetuses (32, 33) , and the head volume (HC 3 ) to weight ratio (HC 3 /Wt) in neonates (31, 34) . Since head size in HLHS neonates clusters in the low-normal range (10, 12) , head size was considered disproportionately small if it was more than one SD below the mean. Placental function was evaluated by calculating umbilical artery resistance index (35) .
Echocardiographic data. The diagnosis of HLHS or AS was based on the neonatal echocardiogram; however, both neonatal and fetal echocardiogram reports were reviewed to evaluate aortic valve anatomy. To determine the relative effects of antegrade aortic blood flow on head growth, aortic valve anatomy in HLHS neonates and fetuses was used to stratify into subgroups (atresia or stenosis); head size and head growth were compared with a cohort of AS patients.
Pathology data. Fetal brains were evaluated using a standardized neuropathologic protocol (36, 37) . Immunohistochemistry was performed to assess CNS white matter injury using antibodies directed against glial fibrillary acidic protein (GFAP, Dako) for the detection of reactive astrocytes, and CD68 (Dako) for detection of activated microglia (26, 37) . To grade the severity of fetal CNS white matter injury, a classification system similar to established neonatal systems was developed (26, 36, 37 
RESULTS

Study population.
A total of 86 HLHS neonates were identified; 14 cases were excluded due to prematurity (9), genetic syndromes (4) or a multiple gestation pregnancy (1) . A total of 36 AS neonates were identified; 2 cases were excluded due to prematurity (1) or a genetic syndrome (1) . Neonatal head circumference data were available and analyzed in 68/72 (94%) HLHS and 32/34 (94%) AS patients. Fetal ultrasound and echocardiogram data were available in 28/68 (41%) HLHS and 6/32 (19%) AS patients. HLHS with aortic atresia was present in 51/68 (75%) neonates and 19/28 (68%) fetuses. Cardiac anatomy from the fetal echocardiogram was consistent with the neonatal echocardiogram in 24/28 (86%) HLHS patients. However, in 4/28 (14%) HLHS neonates the severity of disease progressed in utero.
This included 3/32 (9%) fetuses with AS that progressed to HLHS (two with aortic atresia and one with AS), and 1 fetus with HLHS with AS that progressed to HLHS with aortic atresia at birth.
Neonatal anthropometrics. Neonatal head circumference measurements were analyzed in 68 HLHS (44 male; 24 female) and 32 AS (25 male; 7 female) patients (Fig. 1) . The gender, aortic valve morphology and anthropometric measures were the same in neonates with and without fetal data (data not shown). The average head circumference percentile for HLHS neonates was smaller than AS neonates (p Ͻ 0.001, Table 1 ), consistent with previous findings (10, 12) . Reduced head circumference was evident in HLHS neonates as microcephaly (13%) or head growth restriction (40%) (Fig. 1) . When HLHS neonates were stratified based on aortic valve anatomy, the mean head circumference percentile was smaller in HLHS with aortic atresia than HLHS with AS (p Ͻ 0.05, Table 1 ), suggesting that small head size is related in part to the absence of antegrade aortic blood flow. However, reduced head circumference was also present in AS neonates as microcephaly (3/32, 9%) or head growth restriction (5/32, 16%), suggesting factors other than absent antegrade blood flow contribute to small head size. As previously reported, somatic growth restriction was present in 16% of HLHS neonates and 13% of AS neonates (38) , but the average weights of HLHS neonates (3253 Ϯ 508 g, mean percentile 38%) and AS Fig.  2) . HLHS fetuses had a significantly larger mean head circumference percentile than HLHS neonates (p Ͻ 0.001, Table  1 ); specifically, HLHS fetuses were less likely to have microcephaly (4% versus 13%), head growth restriction (22% versus 40%) or disproportionately small head size (4% versus 38%). Taken together, these findings suggest that HLHS fetuses are more likely to have normal head size than HLHS neonates. Similarly, AS fetuses tended to have normal head size although 1/6 had microcephaly.
Prenatal head growth. Prenatal head growth was assessed in HLHS and AS fetuses by examining the difference in head circumference percentiles at fetal and neonatal time points (Fig. 2) . Among HLHS fetuses, 22/28 (78%) had normal head size; however, only 8/28 (29%) had normal head size and normal head growth. A total of 14/28 (50%) had normal head size and diminished head growth, and 6/28 (22%) already demonstrated head growth restriction at midgestation ( Table  2 , Fig. 2 ). Diminished head growth occurred in 7/14 (50%) HLHS fetuses in the second trimester (Ͻ27 wk gestation) and 7/14 in the third trimester (Ն27 wk gestation), demonstrating that diminished head growth is not restricted to either the second or third trimester. Importantly, umbilical artery Doppler data were available in 22/28 HLHS and 5/6 AS fetuses; the calculated umbilical artery resistance index was normal for gestational age in all cases, suggesting that any growth restriction present was not due to placental insufficiency. Since progression of aortic valve obstruction may reduce cerebral blood flow thereby impacting prenatal CNS development and subsequent head growth, the relative influence of antegrade flow (atresia versus stenosis) on prenatal head growth was assessed. Among HLHS fetuses with normal head size and growth, 4/8 (50%) had HLHS with aortic atresia, whereas 15/20 (75%) of those with either small head size or reduced head growth had HLHS with aortic atresia (p ϭ 0.37, NS). These findings suggest that small head size and reduced head growth in this small cohort are not associated with aortic atresia or absence of antegrade blood flow. Interestingly, 2/6 AS fetuses had diminished head growth, both occurring in the third trimester.
Neuropathology. Comprehensive neuropathologic evaluations were performed in 14 HLHS fetuses; three cases were excluded due to genetic syndromes. Of the 11 HLHS fetuses analyzed, six had aortic atresia and five had AS; all fetuses were 19 -22 wk gestation. Examination of gross brain anatomy was normal in 10 fetuses; hydrocephaly was present in one fetus. By gross and histologic examination, there was no evidence of migrational or opercularization defects, and cortical development staging for gestational age was normal in all cases (36 Mean Ϯ SD (range).
with the normal head size and ultrasound findings of the current study. However, according to a fetal CNS white matter injury working classification scheme (Table 3) , all HLHS fetuses demonstrated varying degrees of white matter injury. Both GFAP and CD68 expression was significantly increased in HLHS CNS tissues compared with age matched controls (Fig. 3) , consistent with chronic white matter injury (37) . The white matter injury was localized to the deep and intermediate white matter with widespread but multifocal involvement of adjacent CNS structures. Infarcts, which have been identified in HLHS neonates after surgery, were not present in HLHS fetuses (26) . In addition, all HLHS fetuses demonstrated gray matter injury (data not shown). Aortic valve anatomy (atresia versus stenosis) did not appear to correlate with the degree of white matter injury in this small sample (Table 3) .
DISCUSSION
The findings of the current study identify three patterns of prenatal head growth in HLHS fetuses. Although most HLHS fetuses have normal and proportionate head size at midgestation, during the latter half of gestation they develop reduced head size and disproportionate head growth restriction. Interestingly, brains of HLHS fetuses demonstrate varying degrees of white matter injury despite normal brain weight. These patterns of prenatal head growth and brain morphology suggest that there is a spectrum of abnormal CNS development in HLHS fetuses. The extent to which these CNS abnormalities are primarily related to the underlying cause of HLHS or secondarily related to blood flow abnormalities resulting from the heart malformation is unknown. However, stratification of HLHS fetuses based on head size, brain injury and growth potential may have significant clinical implications for both treatment strategies and outcome assessment.
In the HLHS fetus and neonate, intracardiac blood flow alterations are associated with decreased cerebral blood flow despite autoregulation (11) , and reduced cerebral blood flow during CNS development may result in poor head growth and small head size in neonates. However, the presence of normal head size and growth in some HLHS fetuses with aortic atresia, the lack of correlation between head size or growth and aortic valve anatomy, and the presence of small head size and poor head growth in some AS fetuses with relatively mild blood flow perturbations, does not support a strong association between absent antegrade aortic blood flow and the development of small head size, raising the possibility that other factors, e.g. genetic, contribute to both cardiac and CNS development. Taken together, these findings potentially support a complex etiology with genetic (13) (14) (15) and epigenetic (16 -18) factors contributing to the pathogenesis of CNS abnormalities in HLHS and AS.
Neuropathologic evaluation of HLHS fetuses demonstrated chronic white matter injury, consistent with previous studies in neonates (8, 24) . Importantly, the findings of this study identify white matter injury in HLHS fetuses in a pattern different from that which is typically seen in premature infants with normal hearts (25) ; specifically, the white matter injury is relatively severe and widespread suggesting these observations cannot be explained by altered cerebral blood flow alone (39) . However, to date there have been no studies correlating fetal CNS pathologic and imaging findings, which has limited the extension of these findings to longitudinal studies of neurocognitive outcomes. Further, it remains to be determined the degree to which white matter injury correlates with persistent neurocognitive deficit; however, advances in magnetic resonance imaging suggest this may be a feasible modality to assess the fetal CNS (23,40,41) . There is substantial growth and development of the CNS during embryonic development concurrent with primary cardiac morphogenesis (42) . The CNS proliferative phase, during which time there is abundant cell division and the majority of brain growth occurs, overlaps with valvulogenesis and extends to approximately 20 wk gestation (43) . Brain growth after this time is attributed to radial migration of progenitor cells to form the cerebral cortex in an "inside-out" manner (43, 44) . Regional cerebral blood flow in the fetus is preferentially distributed to the brain stem, in contrast to postnatal life when it is directed toward the cortex (45) ; this time course may make cortical white matter particularly vulnerable to blood flow alterations during gestation. Taken together, the dynamic time course of CNS development and blood flow distribution raises the possibility that the pathogenesis underlying head growth restriction in HLHS fetuses may vary depending on the nature of the genetic abnormality and the timing of the epigenetic insult. Further studies are warranted to determine how to distinguish these subgroups of HLHS fetuses.
The ability to identify subgroups of HLHS in utero based on head size and growth may redefine risk stratification potentially impacting reproductive decision-making, therapeutic intervention and predicting neurodevelopmental outcome. In addition, grouping of HLHS and AS fetuses based on CNS phenotype may impact indications for fetal cardiac intervention. Although fetuses with small heads at midgestation may already be at increased risk for adverse CNS outcomes, a prospective study is needed to determine which fetuses are at risk for poor head growth and may benefit from fetal intervention to improve cerebral blood flow, thereby preserving head growth and preventing unfavorable CNS outcomes. As the genetic basis of HLHS is elucidated, informative genotypephenotype relationships may emerge that can be identified in the fetal period and significantly impact clinical decisions.
This study has notable limitations. First, the study design is observational limiting our ability to test mechanistic hypotheses. Second, fetal data were not available in 59% of HLHS patients. HLHS is increasingly diagnosed in utero, however, approximately one half of HLHS patients and the vast majority of AS patients are diagnosed postnatally. In this pilot study, comparison of baseline characteristics between HLHS neonates with and without fetal data were similar suggesting these results may be generalizable; however, the size of both the HLHS and AS cohorts is small raising the possibility that these findings may not be representative of all patients with HLHS or AS. Ultimately, a large prospective study will be necessary to control for these limitations.
